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Introduction 
u(35-qdl9r 

The ever-present problem of interpret ing operational charac te r i s t ics  of 
a p rac t i ca l  device i n  t e m p  of past  fundamental experiments and ana ly t ic  
treatments appears again i n  the  ccse of a cesium vapor f i l l e d  thermionic con- 
verter. 
analysis  of voltage-current re la t ions i n  thermionic converters have been 
p a r t i a l l y  circumvented by the  introduction of several  refinements i n  the con- 
s t ruc t ion  of a converter. The prjmary refinements are  the  use of a planar 
diode configuration, an emitter tl.at has an oriented c rys t a l  s t ructure ,  an 
emitter heater  designed f o r  careful  control of surface temperature, close 
f i t t i n g  guards on the emitter and collector,  and vaziable interelectrode 
spacing. 

Some of t h e  experimental d i f f i c u l t i e s  encountered previously i n  t h e  

This paper presents r e i u l t s  of t e s t s  conducted i n  t h i s  controlled cesium 
vapor f i l l ed  planar diode, which attempt t o  explore thpmodes of operation, 
t o  measure t h e  work function of tungsten i n  a cesium atmosphere, and t o  ob- 
serve changes i n  emit ter  work fun,ction associated with a past  h i s tory  of op- 
e ra t ion  at  high' retarding voltages. , 

Amaratus and Procedure . .  

The basic  features  of the  converter a r e  shown i n  f igure 1. The thermi- 
onic converter i s  i n  the  form of a planar diode with a demountable emitter 
and collector.  
s t ruc tu re  was formed from tungsten oriented t o  expose the  110 (Miller index) 
plane. Most of the surface was a single crystal;  however, a few subcrystals 

existed.  

The 1.5-centimeter-diameter, 2.0-centimeter-long emitter 

lo The m a x i m u m  misorientation from the 110 plane was 1- . 
_ -  2 

The emit ter  was heated by electron bombardment. The bombardment heater  
incorporated a def lec tor  t h a t  shaped t h e  energy density of t he  bean t o  pro- 
vide a uniform emitter temperature (about S O o  K)  and also prevented most of 
t h e  filament radiat ion from entering t h e  f i e ld  of view of the  op t i ca l  pyrom- 
eter.  

The emit ter  guard was  f lush  wi th  t he  emitter surface. The radial c lear-  
ance was about 3 mils at operating temperatures. 
conduction. 

The guard was cooled by 
E l e c t r i c a l  i so la t ion  was provided by alumina insulators.  

The co l lec tor  and support was,formed from polycrystall ine tungsten. The _ _  
co l l ec to r  was cooled by gaseous helium. 
type micrometer screws on the collector support f lange were used t o  adjust  
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spacing. 
l iglztly touching the three edges i n  l i n e  with the screws. 
avai lable  was estimated t o  be 3 t o  11 microns. 

"Zerott spicing w a s  established a t  each operating temperature by 
The minimum spacing 

The co l lec tor  guard radial clearance w a s  about 3 m i l s ;  the  guard posit ion 
w a s  fixed. The guard was recessed about 5 mils behind the  co l lec tor  surface 
a t  zero spacing, was  cooled by conduction, and w a s  insulated by alumina spac- 
ers. 

The diode was nounted i n  a helium-filled oven. Helium J e t s  were used t o  
control t he  temperatures of t he  ces?'.um reservoir, the  insulator ,  t he  guards, 
t h e  col lector ,  and the  diode structure.  

The emitter temperature was determined by an opt ica l  pyrometer, which 
viewed t h e  back surface of t h e  emitter through a shuttered window and prism. 
The problem of spurious radiat ion from the  electron bombardment-heater f i l a -  
ment encountered i n  back surface measurements was avoided by the use of the  
aforementioned filament-deflector design. 

The emitter surface temperature and temperature p ro f i l e  were established 
i n  terms of back surface temperature by cal ibrat ion i n  a dumgy diode s t ruc-  
ture ,  which provided f o r  a simultaneous view of t he  f ront  and the  back sur- 
f aces. The back surface sighting technique p e d t t e d  emitter temperature 
control  within &lo K during a se r i e s  of runs ( a t  low current density).  
l u t e  temperatures were determined wlthin the  bounds of the  usual w e l l -  
ca l ibra ted  system. 

Abso- 

A l l  i n t e rna l  surfaces other than the  emitter and the  guarded emitter 
s t ruc tu re  were a t  temperatures at which only trivial electron emission should 
occur. 

The cesium bo i l e r  temperature ,$as measured by t'nermocouples ani! w a s  con- 
t r o l l e d  automatically t o  maintain a prescribed temperature at -FO.lOo K. 

The diode bias voltage was provided by a power t r ans i s to r  assembly, 
>switching techniques, and rheostats.  The voltage range avai lable  w a s  from / -90 t o  +18 volts.  An automatic variation i n  voltage i n  the  form of a 12-volt 

amplitude t r iangular  wave was  avail-tble as a s ingle  o r  a continuous sweep. 
Sweep frequencies from 1/10 t o  1000 cycles per second were available. Manual 
var ia t ions  i n  voltage were usually s e d  at low currents- 
w a s  used at high cur*ents. 

Automatic control 

Separate bias voltages were available t o  both emitter and co l lec tor  
guards. The emitter guard was allowed t o  f l o a t  i n  the  t e s t s  reported herein. 
The co l l ec to r  guard was  s e t  at  the  col lector  potent ia l  f o r  a l l  ion current 
measurements. Two electron current measurements were usually made, one with 
the  coiiectoi- g~szcl at t h e  cc?llwt.nr zo ten t i a l  and one with t h e  co l lec tor  
guard floating. 

Data were recorded by the  use of d i f f e r e n t i a l  amplifiers, d i g i t a l  volt- 
1 meters, X-Y recorders (lz-sec writing speed) and oscilloscopes (10 Mc re- 

sponse). 
avai lable .  

Microampere t o  100 ampere (plus)  current measurements were 
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Discussion 

Th experimental data nder consideration are pr-sarily based on two 
cesium reservoir  temperatures, 469.8O+O. lo K and 499.80+0.10 K. 
peratures correspond t o  6, 6X1Om2 and 0.2 Torr, respectively. 

These t e m -  

The pressures and spacings place most of the  data i n  the  regions of non- 
co l l i s iona l  behavior up t o  t h e  case of f i v e  mean free paths f o r  electron- 
neut ra l  co l l i s ions  (based on a col l i s ion  cross section 
The primary variable t rea ted  is  emitter temperature, 
covered i s  1350° t o  1900° K. 

u of' 4x10-14 cm2). 
The temperature range 

A convenient method of cataloging t h e  conditions is i n  terms of t h e  
r a t i o  of ion t o  electron emission from t h e  emitter (ref. 1). 
assumption i s  made t h a t  t h e  work functions of cesium-covered tungsten given 
i n  reference 1 (based on Houston's experiments, ref. 2 )  describe the emitter 
work function and tha t  t h e  Saha-LaRgmuir equation (ref,  3) roughly describes 
ion production, t he  condition of neutral  emission can be established. The 
corresponding emitter temperatures a re  about 1480' K at  a cesium temperature 
of 469.8O K and about 1555O K at  a cesium temperature of 499.8O K. Excess 
e lectron emission exists at temperatures l e s s  than the ''neutral" temperature 
and excess ion emission at t h e  higher temperature range. The numerical VaL- 
ues f o r  t he  r a t i o  of ion t o  electron concentration at zero f i e l d  emission can 
a l s o  be estimated a t  other temperatures from the  use of the Saha-Langmuir 
equation. 
temperature da ta  treated herein, ir.dicates tha t  t h e  Saha-Langmuir equation i s  
a reasonable approximation since ion currents are only underestimated by a 
f ac to r  of two t o  three  over much of t h e  range of interest .  Larger var ia t ions 
exist i n  the  extreme excess-electron region and i n  the excess-ion region, 
The departure i n  the  excess-ion re6;ion i s  largely the  ion space charge effect. 

If t h e  a p r i o r i  

Reference 4, a companior: paper based on the  same 469.80 K cesium 

Since t h e  Saha-Langmuir equatf-on approximates the r a t i o  of ion t o  
e lec t ron  emission, it is used t o  cztalog the  various results. 
form used is 

The actual  

and 

v+ vaq 120.1 T2 

ve 
- =  

2 v, 25, 7 

I 

n, .492 v+ 
ne 
- -  - 

A t  a constant cesium reservoir  temperature t h e  following r e l a t ion  can be used: 

- n+ K T2 
ne ".loooJTT 

where v i s  flux rate per square (;entimeter, n i s  -&rticle concentration, 
Q is unit  charge, 5, i e  eaturatim current density, T i s  emitter tempera- 
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Ernitter 
temperature, 

OK 

1352 

1372 

$ 
' 4  

n+/ne 

S ha-Langmuir Measured 

0.007 0.09 

.018 .15 

t u r e  i n  OK, vi  
vo l t  equivalence of tenFerature, and K 
a r e f e r  t o  atoms, +, t o  ions, and e, t o  electrons., 

i s  ionizat ion p o t e n t i a  i n  electron volts,  V is  electron 
i s  a constant, and the  subscripts 

A t  t h e  conditions when t h e  Saha-Langmuir r e l a t ion  i s  not an adequate i n -  
dex of ion currents t h e  concentratLon r a t i o  based on measured ion current i s  
a l so  included i n  t h e  description of the results. 
exist i n  the  %/ne 
above form of the  Saha-Langmuir equation. 
sa tura t ion  current density i n  t h e  preceding equation. 

Space Charge Mode 

Small inconsistencies may 
r a t i o  given in reference 4 and those calculated from the  

This is due t o  t h e  use of measured 

The f irst  mode t r ea t ed  r e l a t e s  t o  current-voltage charac te r i s t ics  sub- 
j e c t  t o  space-charge effects.  Langnuir space-charge theory (ref. 5) could be 
expected t o  describe current-voltaGe charecter is t ics  where the  charge concen- 
t r a t i o n  i s  predominantly electron o r  ion. 
guarded s t ruc ture  permit a reasonakle test  of t he  space-charge theory. Close 
spacing permits the determination cf saturat ion currents, which, i n  turn, 
es tab l i shes  the  emitter work f'unct:-m. The accuracy of current flow measure- 
ments i n  the  retarding region is,i::proved by the  emitter and col lector  guards 
and thus co l lec tor  wcork functions a re  accurately determined. 
parameters a re  used i n  the  space-charge analysis since the  difference i n  sur- 
f ace  potent ia ls ,  spacings, saturat ion currents, and emitter temperature a re  
a l l  measured or directly calculated quantities. The procedures used i n  ac- 
t u a l  solut ion m e  s i m i l a r , t o  those outlined i n  references 6 t o  8. 

The close spacing ( 3  t o  11 p) and 

' 

No arb i t ra ry  

A deta i led  comparison of t he  current calculated by the  Langmuir space- 
charge theory t o  measured values was made at two emitter temperatures, two 
,spacings, and a cesium reservoir  temperature of 469.8O K. 



. 

1352 

- 

5 
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Difference i n  surface 
b a r r i e r  potential ,  

(dimensionless. vo l t s )  
qV/kT, V P  

a8 57 

-5 
-3 

8 57 

-1 
0 
1 
3 
5 

10 
15 
20 

-- 
I. . 0 
1 .o 

.9 

.60 

.60 . 60 
1.. 0 

1.0 

1.0 
1.0 
1.0 

1.0 

.90 

.75 
60 

.60 . 75 

1.0 
1.0 

.90 . 70 

.70 
-80 
.95 
1.0 

1.0 
LO 
1.0 
1.15 

1.0 . 85 
c. 65 
.8 
.9 

1.1 

%e bes t  estimate is 3 t o  11 w j  8 IJ. is  an a rb i t r a ry  selection. 

bAll values rounded t o  nearest 0.05 value. 
C Saturation current exists on basis  of Langmuir space-charge 4 

theory. 

The agreement between space-charge theory and the  experimental 8-micron 
Agreement a l so  exists f o r  the  57-micron spacing up t o  a posi- 

Beyond t h i s  point, however, 
da ta  is fair. 
t i v e  surface poten t ia l  difference of 3 (qV/kT). 
t h e  measured current is s igni f icant ly  lower than the  calculated value. 
general, t he  currents measured at the l a rge r  spacings do not approach satu- 
r a t ed  current values (determined by close-spacing data) as quickly as the  
space-charge theory would predict. 
expected t o  permit saturat ion t o  occur at  lower values of applied poten t ia l s  
(ref- 9) instead of the  observed effect. 

I n  

The existence of ion emission would be 

The r e s u l t s  ind ica te  t h a t  t he  noncollisional Langmuir space-charge 
theory gives fa i r  quant i ta t ive agreement a t  t h e  closest  spacing. The agree- 
ment de te r iora tes  as spacings a re  increased and the  condition of co l l i s iona l  
a c t i v i t y  is approached. (The mean f r ee  path f o r  electron-neutral  co l l i s ions  
i s  about 310 p at t h e  conditions ci ted i n  the preceding table . )  

. 

The space-charge analyses t h a t  t r e a t  both ion  and electron emission a re  
complex. Special  cases have been t reated i n  references such as 9 t o  12. It 
is  not t h e  objective of t h i s  paper t o  attempt t o  make de ta i led  comparisons of 
experimental r e su l t s  with these anayses  but merely t o  ind ica te  a few general 
trends. 
increasing ion/electron concentration. 
are indicated i n  the  figures. 

charge anaJysis (e-g., f ig.  2 ) j  but as i n  the case of 1352' and 1372O K 

Figures 2 i o  4 2i-eseilt c c r e ~ t - m l t z g e  charac te r i s t ics  i n  order of 
The various conditions of operation 

Current is  reduced as spacing is increased i n  general accord with space- 
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emitter temperatures the  l a rge r  sF;:.cing exhLb5.t currents lower than t h a t  pre- 
d ic ted  by simple space-charge theo:y. 
bined electron emiss,ion (e, go ,  re?. 9) predict  smaller space-charge ba r r i e r s  
tlian thc sinzle-charge case; thus even grea te r  departures of theory from ex- 
periment a re  inciicated. 
b a r r i e r  should be removed at  an n+/ne r a t i o  of 0.5. Experimental results 
show t h a t  at 
sists ( f ig .  3). The s e t  of data  obtained at  a cesium reservoir  temperature 
09 469.8O K requires an 
charge barr ier .  An example of current-voltage charac te r i s t ics  at  a high 
r a t i o  of +/ne is  given i n  figure 4. 

The monatomic solutions of t h e  com- 

Reference 9 also indicates t h a t  t he  space-charge 

r a t i o s  grea te r  than 4.2 space-charge behavior s t i l l  per- %/ne 

.+/ne r a t i o  of 1 6  i n  order to remove the space- 

Igni ted and Arc Modes 

I n  addition t o  space-charge modes, ign i ted  and a.rc modes of operation 
a r e  a lso  observed. 
sa tura t ion  currents measured at  t l x  smallest spacings. 
characterized by a discontinuity i:~ current as voltage i s  increased, after 
which sa tura t ion  current i s  reest,?'.)lished. A hysteresis  i s  noted i n  tha t ,  
a f t e r  i gn i t i on  occurs, the  voltage may be decreased while saturat ion current 
i s  maintained. After s t i l l  fu r the r  reductions i n  voltage, t h e  current re- 
turns t o  t h e  value t h a t  exis ted p r lo r  t o  ignition. 
mode is  shown i n  f igure  2 (227-l.~ s lacing). 

The def in i t ion ;  are  somewhat arbitrary and are based on 
The ign i ted  mode i s  

An example of ign i ted  

The a r c  and the  ign i ted  modes are  similar since i n  both a discontinuity 
i n  current occurs with an increase i n  applied voltage. The hysteresis  e f f ec t  
i s  a l so  observed. 
creases beyond saturat ion values with continued increases i n  applied vol t -  
ages. 
u re  5, 

The uniqueness Jf the  a rc  mode is  t h a t  t h e  current in- 

An example of the  a rc  mode is  the 3 t o  11 micron spacing curve i n  f ig-  

It is d i f f i c u l t  t o  es tab l i sh  whether t he  arc  mode exhibi ts  a new upper 
l i m i t  i n  current density. Severe electron cooling of t h e  emitter (and heat- 
ing  of t h e  co l lec tor )  often coupled with high-frequency osc i l la t ions  confuse 
the  issue. 
centimeter have been observed a t  a cesium reservoir  temperature of 500' X and 
emit ter  temperatures i n  the range of 1500O t o  1 6 0 0 O  K. 

Momentary.values of current density over 100 amperes per square 

The ign i ted  mode is  observed a t  spacings of 227 microns a t  emitter tem- 
peratures  of 1420° K and cesium teinperatures of 469.8O K ( f ig-  2). 
dence of ign i t ion  ex i s t s  at  higher emitter temperatures ( f igs .  3 and 4) even 
though space-charge behavior i s  evident, The igni ted mode ex i s t s  at  emitter 
temperatures of 1498O, 1536O, and 1568O K when the  cesium reservoir  tempera- 
t u r e  i s  499.8O K ( f igs ,  5 t o  7). 
spacings of 113 microns o r  less .  The mean f r ee  path f o r  electron-neutral  
co l l i s ions  at  conditions of f igure  2 i s  320 microns; f o r  f igures  5 to 7 it is  
about 115 microns. The mean f r e e  path based on charge exchange cross sec- 
L,LUCLS of %xi-~s , i%y~J.s  :E z%mt me-sixkh of t h a t  based on t h e  electron- 
neu t r a l  col l is ions.  
of cross  sect ions from ref. 13.) 

No evi- 

Again there  is no evidence of ign i t ion  at  

J . _  
(Note t h a t  t h i s  approximate r e l a t ion  is  based on values 

The requirement of nearly one mean f ree  path and applted voltages near 
the  ion iza t ion  poten t ia l  i n  figurea 2 and 5 suggests t h a t  volume ionizat ion 
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i s  coincident with ignition. The igc i t ion  voltages substant ia l ly  less t h a n .  
the ionizat ion potent ia l  of f igures  6 and 7 can be argued as being re la ted  t o  
stepwise ionization processes. 

I n  contrast, t he  osc i l la t ions  present before ign i t ion  (figs.  5 t o  7) are 
somewhat consistent with t h e  i n s t a b i l i t i e s  predicted by the space-charge 
theor ies  of references 10 t o  12. 
ion-neutral coll isions,  could be used t o  es tabl ish t h a t  t he  igni ted mode i s  
not due t o  volume ionization and igni t ion but i s  merely a consequence of ion 
trapping. Suff ic ient  surface ions are produced t o  satisfy an ion-trapping 
model since t h e  ion-electron r a t i o s  shown underestimate t h e  ion production 
rates by a fac to r  of 2 o r  more ( r e f e r  t o  space-charge discussion o r  ref. 4). 

This, coupled w i t h  a high probabili ty of 

The arc mode i s  clearly evident i n  f igures  5 t o  7 at  dl spacings. 
Applied potent ia ls  near t he  ionizat ion potent ia l  of cesium induced the  a rc  
mode at  t h e  499.8O K cesium reservoir  condition f o r  t h e  emitter temperature 
i l l u s t r a t ed .  A t  emitter temperatures (not shown) of 1800° K and above t h e  
tendency t o  a rc  w a s  suppressed. 

The results shown i n  f igure 7 i l l u s t r a t e  a clear d is t inc t ion  between arc  
mode a id  the  igni ted mode. An anomaly ex is t s  since the current jumps t o  t h e  
values observed at  the  113-micron spacing after ign i t ion  ra ther  than going 
d i r ec t ly  t o  saturat ion values. 

Ign i t i on  occurred a t  s l i gh t ly  less than +1 vol t  f o r  the 227- and 
340-micron spacings. The current jumped t o  the l e v e l  of the 133-micron spac- 
ing  after ignit ion.  The currents f o r  the three spacings were essent ia l ly  the  
same up t o  the point of a second ignition. After t he  second igni t ion  a com- 
mon a rc  mode current was established f o r  a l l  spacings, 

The a rc  mode seems clear ly  associated with high ion production rates and 
appears analogous t o  arcs  experienced i n  other gaseous discharges. The 
ign i t ed  mode is  less w e l l  defined. 

Work Functios Measurements 

Space-charge analyses of close-spacing data  supported by reestablishment 
of sa tura t ion  currents a f t e r  most ignit ions indicate  that saturat ion currents 
can be measured accurately i n  a variable spacing, guarded diode. 
of t h e  e f fec t ive  work function follow d i r ec t ly  from saturat ion currents 
through t h e  use of t h e  Richardson-Dushman emission equation. A comparison'of 
vdues based on current density of the diode t o  those estimated by Nottingham 
(ref. 1) from Houston's emission probe measurements (ref. 2 )  is  shown i n  f ig -  
ure 8. The work functions estimated i n  reference 1 are shown i n  t h e  form of 
a chart  i n  t h e  companion paper (ref. 4). The diode data  shown i n  f igure 8 
encompass a range of values of emitter temperature of 1350° t o  1900° K and 
cesi.m pre;;saes cf 7~2.0-2 t o  1.3 Torr. 

Estimates 

The agreement is self-evident. 

Cathode Effect  

It w a s  noted t h a t  a consistent increase i n  work function occurred after 
operation at  a high retarding voltage f o r  t he  purpose of obtaining ion cur- 
r e n t  data. These data a re  indicated by the  t a i l e d  da ta  points i n  figure 8, 
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Typical current-voltage character is t ics  associated with these data are i l lus-  
trated i n  f i b w e  9. The change i n  work function with operating conditions i s  
termed t h e  "czthode effect" because of a somewhat analogous "anode effect"  
o5served by Nottingham (ref. 14).  

An increase i n  emitter work function of approximately 0.05 electron vo l t  

A similar change was noted a t  -50 volts, 
The normal emission could be reestab- 

was observed after operation at  -80 vol ts  and an emitter temperature of 
1502O K f o r  a period of 30 seconds. 
16480 K, and a period of 60 seconds. 
l i shed  i f  t h e  diode was  maintained at  zero applied potential. 
t i o n  period appeared t o  exhibi t  an inverse exponential relation, t h a t  is, 
react ivat ion t i m e  was rapidly decrcssed wi.th increases i n  temperature. 
was a l so  noted t h a t  t he  change i n  w x k  function exhibited a threshold behav- 
ior ,  which was  dependent on both f i e l d  s t rength and retarding voltage. 

17t5Oo K presumably Secause of t he  rapid react ivat ion times. 

face. Although ef for t s  were made t o  establ ish diode cleanliness and emitter 
de f in i t i on  through the  use of an Oriented tungsten crystal ,  t he  change i n  
work f'unction indicates  t h a t  t h e  sLbstrate f o r  cesium w a s  probably something 
o ther  than ll0 tungsten. 

The reactiva- 

It 

The change i n  work,,function was not noted at  temperatures grea te r  than 

The cathode e f fec t  cas t s  some doubt on the nature of the emitter sur- 

C oncl uding Remarks 

The results indicate  t h e  existence of three d iscre te  modes of operation, 
t h e  space-charge mode, the  igni ted node, and t h e  a rc  mode- 
may not be a true igni t ion  i n  the sense of being related t o  volume ioniza- 
t ion.  
at a close spacing permits t h e  determination of emitter work functions. 
work functions measured i n  t h i s  tuEgsten-cesium thermionic converter agree 
with val-aes determined by emission-probe measurements. 
work function dependent on f i e l d  ard magnitude of retarding voltage was noted 
and conditions of occurrence approximately established. 

The igni ted  mode 

Observation of t he  various n-odes of operation coupled with operation 
The 

A change i n  emitter 
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